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HIV-1 Vpr has been shown to transactivate LTR-directed expression through its interaction with several proteins of cellular origin
including the glucocorticoid receptor (GR). Upon activation, steroid receptors bind to proteins containing the signature motif LxxLL,
translocate into the nucleus, bind to their response element, and activate transcription. The presence of such motifs in HIV-1 Vpr has
prompted us to undertake the analysis of the role of specific leucine residue(s) involved in Vpr–GR interaction, subcellular localization and
its effect on Vpr–GR-mediated transactivation. The individual leucine residues present in H I, II, and III were mutated in the Vpr molecule
and evaluated for their ability to interact with GR, transactivate GRE and HIV-1 LTR promoters, and their colocalization with GR. While Vpr
mutants L42 and L67 showed reduced activation, substitutions at L20, L23, L26, L39, L64, and L68 exhibited a similar and slightly higher
level of activation compared to Vprwt. Interestingly, a substitution at residue L22 resulted in a significantly higher GRE and HIV-1 LTR
transactivation (8- to 11-fold higher) in comparison to wild type. Confocal microscopy indicated that Vpr L22A exhibited a distinct
condensed nuclear localization pattern different from the nuclear/perinuclear pattern noted with Vprwt. Further, electrophoretic mobility shift
assay (EMSA) revealed that the VprL22A–GR complex had higher DNA-binding activity when compared to the wild type Vpr–GR complex.
These results suggest a contrasting role for the leucine residues on HIV-1 LTR-directed transactivation dependent upon their location in Vpr.
D 2004 Elsevier Inc. All rights reserved.
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Human immunodeficiency virus type-1 (HIV-1) Vpr is a
14-kDa virion-associated non-structural protein. While Vpr
has been shown to be important for viral replication in non-
dividing cells (Balliet et al., 1994; Connor et al., 1995;
Heinzinger et al., 1994; Subbramanian et al., 1998),
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E-mail address: velpandi@pitt.edu (V. Ayyavoo).in latently infected cells have also been reported (Levy et al.,
1995; Nakamura et al., 2002). Vpr transactivates HIV-1 LTR
and increases virus replication in target cells (Agostini et al.,
1996; Cohen et al., 1990; Wang et al., 1995). Recently, we
and others have shown that Vpr, either in the context of virus
infection or as exogenous protein, transactivates HIV-1 LTR
and upregulates viral replication before the synthesis of Tat
in infected cells. Also, Vpr and Tat together transactivate
HIV-1 LTR in an additive manner (Hrimech et al., 1999;
Sawaya et al., 2000; Vanitharani et al., 2001). Specifically,
HIV-1 Vpr-mediated transactivation is shown to occur
through steroid receptors and other coactivators (Kino et
al., 1999; Sherman et al., 2000; Vanitharani et al., 2001).004) 89–100
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dependent transcription factors that are known to interact
with other proteins containing the signature motif, LxxLL
(Feng et al., 1998; Heery et al., 1997). Upon binding to their
ligands, these receptors translocate into the nucleus and
activate/repress transcription depending upon the signal
(Northrop et al., 1992; Paliogianni and Boumpas, 1995;
Schmidt et al., 1994). HIV-1 Vpr has been shown to interact
with glucocorticoid receptor (GR) and p300/CBP and
activate transcription through the glucocorticoid response
element (GRE) (Felzien et al., 1998; Kino et al., 2002a).
HIV-1 Vpr is a pleiotropic protein, with diverse functions
that include cell cycle arrest, apoptosis, nuclear import of
the preintegration complex, transcriptional activation/repres-
sion, and interaction with viral and several cellular proteins
(Levy et al., 1993; Subbramanian et al., 1998; Zhao et al.,
1994). Structure–function studies have indicated that
nuclear localization, virion incorporation, cell cycle arrest,
and transcriptional regulation are mediated by different
functional domains of Vpr (Di Marzio et al., 1995;
Mahalingam et al., 1997; Sawaya et al., 2000; Singh et
al., 2001). Vpr-mediated cell cycle arrest is linked to an
increase in virus production (Goh et al., 1998; Levy et al.,
1995; Yao et al., 1998); however, Vpr–GR transcriptional
coactivation function is reported to be independent of cell
cycle arrest (Kino et al., 2002b; Sherman et al., 2000).
Previous studies have shown that Vpr mimics glucocorti-
coids and induces similar functions through its interaction
with GR (Ayyavoo et al., 1997). GR is a member of the
steroid hormone receptor family of transcription factors that
regulates a large number of genes in a hormone or ligand-
dependent manner. Under normal conditions, GR is present
in the cytosol as an inactive complex with two molecules of
heat shock protein 90 (HSP 90). Upon binding of the
ligands, GR dissociates from the HSP molecules and
translocates into the nucleus, binds to the consensus
palindromic sequences known as GRE and activates/
represses transcription based on the stimuli (Cadepond et
al., 1992; Li et al., 2002).
Recent structural studies utilizing NMR and CD spectro-
scopy of the synthetic full-length Vpr showed three helical
domains and three turn regions with slightly different
boundaries in comparison to the structures noted with the
N- and C-terminal fragments of Vpr (Morellet et al., 2003;
Wecker et al., 2002). The structural features of the protein
include a well-designed g-turn (14–16)-a helix (17–33)—
turn (34–36) followed by an a helix (40–48)—loop (49–
54)-a helix (55–83) domain and a flexible C-terminal
sequence. Vpr contains multiple leucine-rich domains
(LxxL) in addition to the LxxLL motif in the C- and N-
terminal region of the protein. The predicted amino acid
sequence analysis of Vpr from viruses of different clades
has shown conserved leucine motifs in helices I and III,
suggesting an important role for these domains in patho-
genesis. Vpr, being a virion-associated molecule, supports
the notion that Vpr might be available as a viral proteinduring early infection (before the appearance of Tat and
Rev) to enhance gene expression by directly binding to the
viral and cellular promoters (Sawaya et al., 2000; Vanithar-
ani et al., 2001; Zhao et al., 1994). Though previous studies
have addressed the Vpr-GR coactivator functions, these
studies pertain to the mutational analysis of residues 64–68
corresponding to the LxxLL motif. To precisely map and
understand the role of leucine residues present in the a-
helices, we have constructed mutants of Vpr using site-
specific mutagenesis. All the leucine mutants were analyzed
for their ability to transactivate a reporter gene under the
control of GRE and HIV-1 LTR. Next, we evaluated
whether the subcellular localization of Vpr altered GR
translocation as well as its effect on GRE and HIV-1 LTR
transactivation in the absence of hormone stimulation. The
results generated here suggest that the leucine residues can
be functionally categorized into three groups: alterations of
residues can lead to a reduced, minimal or no effect, or an
enhanced level of transactivation in comparison to the wild-
type Vpr. Interestingly, the Vpr mutant L22A translocated
GR with a distinct condensed nuclear localization pattern
resulting in a significantly higher transactivation effect when
compared to Vprwt. Additionally, the increased DNA-
binding activity of VprL22A-GR directly correlates with
Vpr coactivator function.Results
Generation and characterization of leucine mutants of Vpr
Structure analysis by NMR and CD spectroscopy show
that Vpr contains three helical domains with a basic amino
acid-enriched C-terminus. These helical domains are rich in
leucine residues with classical steroid signature motifs
(LxxLL) in the helical domains. Steroid receptors interact
with proteins through these classical motifs. To identify the
specific leucine domains involved in Vpr-GR interaction,
we have substituted individual leucine (L) residues in helix
I, II, and III to alanine (A) by site-directed mutagenesis (Fig.
1). To enable the detection of Vpr, sequences corresponding
to an eight amino acid Flag epitope (DYKDDDDK) were
fused in frame to the 3V end of the Vpr coding sequence. To
confirm that all of these Vpr mutants expressed a stable
protein in vivo, 293T cells were transfected with pVpr
expression plasmids. Cells were lysed 48 h after transfection
and subjected to immunoblot analysis with the M2 mono-
clonal antibody. Protein expression analysis indicated that
all mutant Vpr molecules showed an appropriate band
corresponding to 14 kDa size protein similar to wild type
Vpr (Fig. 1B). Additionally, the specificity of the antibody
was further confirmed by using the lysate of vector
(pcDNA3.1) transfected 293T cells, which did not recognize
any band. These results indicate that the steady state level of
all the single leucine mutant Vpr molecules is similar to that
of wild-type Vpr.
Fig. 1. (A) Schematic representation of HIV-1 Vpr leucine mutants: Vpr leucine mutants were generated by site directed mutagenesis. Vpr wild type represents
the vpr gene derived from pNL43 proviral DNA and the change in residues at a particular position is marked for each mutant. LxxL motifs are underlined and
the helical domains are marked as I, II, and III HD above the amino acid sequence. (B) Immunoblot analysis of expression of Vpr mutant molecules: 293T cells
were transfected with 5 Ag of Vpr expression plasmids with a Flag tag using Lipofectamine. Forty-eight hours posttransfection cells were lysed and equal
amounts of protein containing total cell lysates were resolved in a 12% SDS-PAGE and immunoblotted with M2-Flag monoclonal antibody (1:250 dilution).
Vpr mutant constructs representing the residues are marked on top of each lane. The vector represents 293T cells transfected with the pcDNA3.1 vector
backbone.
D. Thotala et al. / Virology 328 (2004) 89–100 91Transcriptional activation of GRE and HIV-1 LTR-driven
reporter gene by HIV-1 Vpr mutants
To precisely determine the role of specific leucine
residues involved in GRE transactivation, we cotransfected
Vpr mutant plasmids with the pGRE-luciferase reporter
construct in HeLa cells, which express GR endogenously.
Forty-eight-hour posttransfection, cells were lysed and cell
lysates were normalized for transfection efficiency by h-gal
level and assessed for luciferase activity. The fold difference
was calculated considering the activity observed with Vprwt
as 1 (Fig. 2A). Individual substitution mutations at L42 and
L67 significantly (P b 0.01) reduced the GRE-luciferase
activity when compared to Vprwt, whereas mutations at L23,
L39, and L68 exhibited similar activity and L20, L26, and
L64 slightly higher (N5-fold in case of L26 and N3 in case of
L64) levels of transactivation activity. Interestingly, the
mutation at L22 increased the activity by 8- to 11-fold over
wild type. Next, we addressed the question regarding the
requirement of GR for Vpr-mediated transactivation using
CV-1 cells, which are negative for GR expression. CV-1
cells were transfected with pVpr expression plasmid and
pGRE-directed luciferase reporter activity was measured.
CV-1 cells transfected with pVpr and pGRE plasmids alone
did not show any transcriptional activity (data not shown),
whereas cotransfection of the GR expression plasmid with
the reporter and Vpr expression constructs resulted in high
luciferase activity similar to the levels noted in HeLa cells(Fig. 2B). The mutation at L22 consistently showed the
highest activity both in HeLa and CV-1 cells; however, the
presence of GR was necessary for Vpr-mediated GRE-
activation in CV-1 cells.
In an effort to assess the relevance of the transactivation
function of Vpr for virus replication, HeLa cells were
cotransfected with pVpr mutant molecules and the pHIV-1
LTR-luciferase reporter construct and were monitored for
luciferase activity (Fig. 2C). HIV-1 Vprwt plasmid increased
the transactivation activity by 4- to 6-fold when compared to
the vector backbone-transfected cells. Considering the Vprwt
activity as 1, mutations in L42 and L67 completely
abolished the activity, whereas L22A showed a 17-fold
higher activity than Vprwt. It is interesting to note that L22A
showed high transcriptional activity on both HIV-1 LTR and
GRE promoters in HeLa cells. To confirm Vpr-mediated
HIV-1 LTR transactivation is through the GRE domain in
LTR sequences, we transfected CV-1 cells with HIV-1 LTR
and Vpr mutants with or without the GR expression
plasmid, and assessed the reporter activity (Fig. 2D). Results
indicated that HIV-1 LTR-mediated transactivation by Vpr
plasmids is slightly lower (data not shown) in the absence of
GR, whereas cotransfection of pGRa plasmid increased the
transactivation efficiency similar to that observed in HeLa
cells (RLU). These results differ from the GRE-mediated
transactivation, where presence of GR is absolutely neces-
sary suggesting that HIV-1 Vpr might bind to other
promoter elements present in the HIV-1 LTR. However,
Fig. 2. Effect of HIV-1 Vpr leucine mutants on pGRE and HIV-1 LTR transactivation: HeLa cells were transfected with HIV-1 LTR luciferase or GRE-
luciferase reporter plasmid in the presence and absence of Vpr mutants using Lipofectamine. Forty-eight hours posttransfection cells were lysed and luciferase
activity was measured. Fold activation was calculated as one, representing Vpr wild type activity. Panel A, HeLa cells transfected with pGRE-luciferase and
pVpr mutant molecules; Panel B, CV-1 cells transfected with pGRE-luciferase, pGR and pVpr mutants; Panel C, HeLa cells transfected with pHIV-1 LTR-
luciferase and pVpr mutant plasmids; Panel D, CV-1 cells transfected with pHIV-1 LTR-luciferase, pGR and pVpr mutant plasmids. The fold activation SD was
derived from three independent experiments. * designates the P value of b0.01.
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both autologous and heterologous promoters.
Role of the leucine residues in Vpr–GR interaction
GR has been shown to interact with Vprwt directly to
enhance the coactivator effect. To determine the specific
leucine residue involved in GR interaction, a GST-pull
down assay was performed using 35S-labeled in vitro
translated mutant Vpr proteins and recombinant GR that
was expressed in Escherichia coli BL-21 cells and purified
using GST beads. As a control, GST beads as well as in
vitro translated vif gene product were used (Fig. 3A).
Results indicated that GST-GR pulled all our leucine mutant
Vpr molecules, whereas the GST control did not show any
interaction. Additionally, the use of in vitro translated Vif
product was not pulled by GST-GR suggesting that the pull
down assay shows specificity. Next, to ensure that our in
vitro translated Vpr mutants expressed the appropriate size,
we loaded 1/10th of the in vitro translated product in SDS-
PAGE and it was then autoradiographed (Fig. 3A-input).
Results from these analyses suggest that the individual
leucine substitution of Vpr did not alter the Vpr–GR
interactions and that the observed interaction is very
specific.
Since the pull-down assay utilizes a prokaryotic
expressed protein, we wished to confirm this interaction in
eukaryotic cells. HeLa cells were transfected with phGRa
and Vpr mutant expression plasmids, and immunoprecipi-
tation was performed followed by Western blot analysis(Fig. 3B). Transfected cell lysates were immunoprecipitated
with anti-GR antibody, resolved on SDS-PAGE, and
immunoblotted for Vpr using M2-flag specific antibody
(Fig. 3B). An interaction between Vpr mutants and GR was
observed as noted in the in vitro GST-GR pull down assay,
whereas vector-transfected cells did not show any specific
bands at 14 kDa size. Similarly, cell lysates were immuno-
precipitated with anti-Vpr antibody (M2-Flag) and immu-
noblotted with anti-GR antibody. Results indicate that cells
transfected with pVpr expression plasmids pulled down GR,
whereas vector-transfected cell lysate did not show any
detectable band (data not shown) suggesting that single
point Vpr leucine mutant did not interfere with GR
interaction and this interaction is specific.
Effect of subcellular distribution of Vpr mutants on GR
translocation
GR-mediated transactivation is generally correlated with
the translocation of GR from the cytoplasm to the nucleus
followed by binding to GRE sequences (DeFranco, 2002;
Htun et al., 1996). Upon expression, HIV-1 Vprwt localizes
at the nuclear membrane/nucleus of the cells (Kamata and
Aida, 2000). To examine whether the subcellular distribu-
tion of Vpr alters GR translocation and its ability to bind to
GRE sequences, we transfected HeLa cells with pVprwt and
assessed the localization pattern of Vpr and GR by indirect
immunofluorescence using Vpr- and GR-specific antibodies
(Fig. 4A). Vprwt and GR colocalized at the nuclear rim and
nucleus of the Vprwt-transfected cells (a–d), whereas control
Fig. 3. (A) In vitro interaction of Vpr and GR by GST pull-down assay:
Bacterially expressed GST or GST-GR were bound to glutathione-
sepharose beads and incubated with in vitro-translated Vpr mutants protein
labeled with [35S]methionine in 250 Al binding buffer (20 mM Tris–Hcl, pH
7.8, 100 mM NaCl, 10% Glycerol, 1 mM dithiothreitol, 1 mM EDTA, 1
mM phenylmethanesulfonyl fluoride, 1 mM leupeptin, 1 mM pepstatin).
Beads were washed extensively with binding buffer and bound proteins
were eluted by boiling them in reducing sample buffer, followed by SDS-
PAGE and autoradiography. Pull: GST-GR represents in vitro translated
Vpr mutants pulled using GST-GR beads; Pull: GST represents in vitro
translated Vpr mutants pulled using GST beads; and INPUT, represents in
vitro translated Vpr and Vpr products used in pull-down assays. (B) In vivo
interactions between GR and Vpr mutants: HeLa cells were transfected with
GR and Flag-tagged Vpr mutant expression plasmids. Immunoprecipitates
containing GR and Vpr were prepared with anti-GR antibody and applied to
a 12% SDS-PAGE gel. Immunoprecipitated complex was transferred to a
membrane and immunoblotted with anti-Flag M2 antibody followed by
chemiluminescence’s detection. All the mutants are designated on top of the
lane with their respective changes. Vector lane represents lysates from
pcDNA 3.1 vector-transfected cells.
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when exposed to 106 AM of dexamethasone, GR trans-
located into the nucleus (e–h). Since dexamethasone is a
high affinity ligand for GR and participates in the trans-
location of GR into the nucleus, we compared the local-
ization pattern of Vpr and GR in the absence of additional
hormone exposure using charcoal-stripped serum containing
medium (a–d). It is interesting to note that HIV-1 Vprwt and
GR colocalized at the nuclear rim as well as in the nucleus.
Structure–function analysis of Vpr has shown that in
comparison to wild type Vpr, individual substitution
mutations in Vpr (especially in the helices) altered the
subcellular distribution (Kamata and Aida, 2000; Mahalin-
gam et al., 1997). First to examine the sub-cellular local-
ization of Vprwt and leucine mutants in the absence of
endogenous GR, we transfected CV-1 cells with Vpr
expression plasmids and performed indirect immunofluor-
escence using M2-Flag antibody (Table 1). Results indicate
that Vprwt, L42, and L67 exhibit nuclear membrane
distribution, whereas, L22, L23, L26, and L68 exhibited acytoplasmic pattern. Mutants L20, L39, and L64 showed
both cytoplasmic and perinuclear expression. Next, to
evaluate how the subcellular distribution of Vpr mutants
impacted GR localization, CV-1 cells were cotransfected
with pVpr leucine mutants and pGR and assessed for the
subcellular distribution of Vpr and GR (Suppl. Figs. 1A and
B; Table 1). Vpr mutants L23, L26, and L68 predominantly
exhibited a cytoplasmic pattern, whereas Vprwt, L20, L64,
and L67 localized in the nuclear membrane and cytoplasm
upon expression. Vpr L22A displayed a distinct nuclear
distribution in the presence of GR expression (Fig. 4B). Vpr
mutant L22A and GR colocalized into the nucleus in a
condensed form. To further establish the pattern of L22A
and GR, we performed confocal microscopy using cells
transfected with L22A and GR plasmids (Fig. 4C). Our
results indicate a distinct condensed pattern of L22A and
GR suggesting that L22A and the GR coactivator complex
might have a different localization pattern in the nucleus.
Additionally, it is interesting to note that none of this
complex localizes within the nucleolus compartment.
Together, these data suggest that the increase in GR-
VprL22A-mediated transactivation might be due partly to
the ability of GR and L22A to colocalize into the nucleus.
DNA binding affinity of GR–Vpr complex
Vpr has been shown to exert its transactivation effect
with GR through GRE sites, gel shift assay was performed
using GRE consensus sequences to assess the DNA binding
of Vpr–GR complex (Tseng et al., 2001). Cell lysates
derived from HeLa cells transfected with pVprwt resulted in
a specific complex with the labeled GRE sequences (Fig.
5A). This DNA–protein complex induced by Vpr was
similar to the complex induced by dexamethasone (1 AM),
whereas cell lysate from vector-transfected cells did not
show any distinct band at the corresponding position. Next
to test whether presence of both Vpr and GR is required for
GRE-binding, we transfected CV-1 cells with pVpr alone or
pVpr and pGR and extracted the lysates and performed
electrophoretic mobility shift assay (EMSA). Results
indicate that lysate from pVpr-transfected cells did not
show any binding, whereas Vpr–GR complex containing
lysates showed specific GRE binding (data not shown),
suggesting that Vpr–GR complex is required for GRE
binding activity in the absence of hormonal stimulation.
HIV-1 LTR and GRE reporter assays indicated that Vpr
leucine mutants exhibited differential transactivation. For
example, mutant L22A exhibited higher transactivation
activity and a distinct nuclear localization pattern. These
results suggest that GR-VprL22A might have significant
DNA-binding ability. To measure the ability of GR-L22A to
bind to the GRE domain in comparison to Vpr wild type, we
employed a competition gel-shift mobility assay using p32-
labeled double-stranded GRE oligonucleotides (Fig. 5B).
Different fold excess of cold GRE oligonucleotide (ranging
from 2.5- to 4-fold) was used. Competition assays revealed
Fig. 4. (A) Expression and cellular colocalization of GR and pVpr mutant molecules: HeLa cells were transfected with Flag tagged pVprwt and pGR expression
plasmids and grown in a glass chamber slide. Forty-eight hours posttransfection cells were fixed and incubated with anti-GR and anti-Flag antibodies. Cells
were washed five times with PBS and incubated with secondary antibody conjugated to TRITC or FITC for 90 min at room temperature. Cells were washed
five times in PBS before mounting with Vectashield containing DAPI. Fluorescence was visualized with a Nikon microscope equipped with a digital camera
and images were captured as Photoshop files. Vprwt (a–d), represents cells cotransfected with pVprwt and phGRa expression plasmids. Panel Dex (e–h),
represents HeLa cells transfected with pcDNA3.1 vector control and phGRa expression plasmids and treated with 10 nM of dexamethosone and stained with
anti-GR antibody. (B and C) Immunofluorescence and Confocal visualization of VprL22A and GR colocalization in HeLa cells: HeLa cells were transfected
with Flag-tagged pVprL22A and phGRa expression plasmid and stained with anti-Flag and anti-GR antibody as before. B represents the immunofluorescence
studies and Panel C represents the confocal image analysis.
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of cold GRE oligonucleotide (Lane 4), whereas a 4-fold
higher concentration was required to compete the GR-L22A
mutant (Lane 10), suggesting that nuclear extract containing
GR-VprL22A might have higher DNA-binding affinity to
GRE. This could partly explain the increase in Vpr–GR-
mediated transactivation in the case of VprL22A mutant.
Correlation of Vpr-mediated transactivation to virus
replication
To functionally correlate the transactivation effect of Vpr
in the context of virus replication, we performed a singleround infection assay using virus particles containing Vprwt
and Vpr mutants molecules by complementing pNL43 R-E-
plasmid with Vpr mutants and HxB2-Env plasmids. We
chose the single round infection system to precisely
quantitate the effect of virion-associated Vpr on HIV-1
replication. The ability of Vpr mutants to incorporate into
the virus particles was determined as described (Singh et
al., 2001) and presented in Table 1. Vpr mutant L39 and
L42 was not included in the single round infection due to
their deficiency in virion incorporation. The quantitation of
virus particles released into the media of the infected cells
by p24 antigen assay was used for evaluation. Virus
particles containing Vpr L22A showed maximum virus
Fig. 5. (A) Electro Mobility Shift Assays: EMSAwas performed using labeled GRE oligonucleotide with HeLa cell nuclear extract. Lane oligo, labeled GRE
oligonucleotide in the absence of nuclear extract; Lane vector, GRE labeled oligonucleotide in the presence of the nuclear extract of HeLa cell transfected with
the vector plasmid; Lane Vpr-wt, GRE-labeled oligonucleotide in the presence of the nuclear extract of HeLa cells transfected with pVpr wt and phGRa
expression plasmids; Lane Dex, HeLa cell lysates with over expression of phGRa and stimulated with 10 nM dexamethasone. (B) Competition assays:
competition of GRE binding to HeLa cell nuclear extracts by molar excess (1- to 4-fold) of the cold GRE (lanes 3–10). Lane 1, labeled GRE in the absence of
nuclear extract; lane 2, labeled oligonucleotide in the presence of nuclear extract of cells alone; Lanes 3–6, nuclear extracts from cells transfected with pVprwt
in the presence of labeled GRE and 1-, 2-, 3-, and 4-fold excess of cold GRE oligonucleotide, respectively; and Lanes 7–10, nuclear extract from cells
transfected with pVprL22A in the presence of labeled GRE and 1-, 2-, 3-, and 4-fold excess of cold GRE oligonucleotide, respectively. Arrow indicates the
major complex formed.
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on day 5, whereas mutants L23A and L68A resulted in
reduced levels (b2.5 ng/ml) of replication (Fig. 6). Similar
results were observed in multiple experiments using
PBMCs isolated from different healthy donors (data not
shown). Similarly, using the single round infection assay
with Vpr mutant incorporated virion molecules, we infected
CEM-GFP cells containing a plasmid encoding the green
fluorescent protein (humanized S65T GFP) driven by the
HIV-1 long terminal repeat and measured the virusTable 1
Functional characteristics of HIV-1 Vpr mutants
Vpr mutants Expression Cell
cycle arrest
Virion
incorporation
Vpr wt ++ +++ yes
L20A ++ ++ yes
L22A ++ ++ yes
L23A +  yes
L26A ++  yes
L39G ++ +++ no
L42G ++  no
L64A ++ ++ yes
L67A ++ ++ yes
L68A ++ +/ yes
N.D., not determined.infection by measuring the GFP in flow cytometry analysis
(data not shown). Vpr L22A mutant incorporated virus
showed an increase in number of cell number as well as
MFI compared to Vprwt incorporated virus particles,
suggesting that L22A increase virus replication during
early infection. These results indicate that an increase in
viral replication kinetics by Vpr is directly correlated with
the ability to transactivate HIV-1 LTR and GRE. However,
it is important to note that this affect is only due to the
virion-associated Vpr mutant molecules that are presentedSubcellular distribution of
Vpr in the absence of GR
Subcellular distribution of
Vpr in the presence of GR
Nuclear membrane Nuclear membrane
Cytoplasm + nuclear
membrane
Cytoplasm + nuclear
membrane
Cytoplasm Nucleus
Cytoplasm Cytoplasm
Cytoplasm Cytoplasm
Cytoplasm + nucleus N.D.
Nuclear membrane N.D.
Cytoplasm + nuclear
membrane
Cytoplasm + nuclear
membrane
Nuclear membrane Nuclear membrane +
cytoplasm
Cytoplasm Cytoplasm
Fig. 6. Effect of virion-associated Vpr on virus replication during early
infection: Ficoll-Hypaque fractionated normal human PBMCs were
stimulated with PHA (5 Ag/ml) and infected with Vpr and Env trans-
complemented pNL43 RE. Cell free supernatants were collected at 24 h
intervals postinfection and assayed for the release of p24 antigen in the
medium. These experiments were repeated using PBMCs from different
seronegative donors and similar results were observed.
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presence of L22A Vpr mutant molecule in the virus
particles might increase virus replication during early
infection. Though we have observed an 8-fold increase in
transactivation assays, we did not see similar fold increase
in the single round virus replication assay. This could be
due to the presence of Vpr as virion-associated molecule s
and is absent in the proviral genome.Discussion
AIDS pathogenesis is considered to be the result of the
interplay between the virus and the target cells of the host.
The cytopathic effects mediated by both the viral and
cellular genes have been suggested to be responsible for the
pathogenesis. Vpr has been implicated as one of the viral
genes contributing to AIDS pathogenesis along with HIV-1
env, tat, and nef. The features that qualify Vpr in this regard
are the following: (i) Vpr is incorporated into the virus
particles despite being a non-structural protein and the
amount of Vpr present in the virus particles is reported to be
in the range of few to ~2500 copies (Singh et al., 2001;
Tungaturthi et al., 2003), (ii) the presence of Vpr in cells
following virus infection, and (iii) the presence of free Vpr
(cell-free and virus-free) in the body fluids (serum and
CSF). Vpr has been reported to regulate multiple cellular
and viral functions. Vpr regulates both autologous and
heterologous promoters to enhance the transcription of viral
and cellular promoters. Additionally, Vpr-mediated cellular
effects have been linked to an increase in virus replication
and disease progression (Goh et al., 1998; Jowett et al.,
1995). Furthermore, the highly conserved nature of Vpr in
vivo suggests that Vpr plays an important role during early
infection and pathogenesis. Structure–function analyses ofVpr have indicated that nuclear localization, cell cycle
arrest, and virion incorporation are mediated by distinct
domains of Vpr (Mahalingam et al., 1997). Recently, it has
been established that Vpr functions as a coactivator of
nuclear receptors through the signature motif LxxLL and
this function is distinct from its cell cycle regulation (Kino
et al., 1999; Sherman et al., 2000). Although recent mapping
studies suggest that the LxxLL domain in HIII of Vpr is the
interaction domain of nuclear receptors, there are also
related sequences in HI and HII. The role of these specific
amino acids involved in Vpr–GR interaction residues is
unclear. Here, we seek to identify the specific leucine
residues within the LxxLL domains involved in this
function by introducing individual leucine mutations. To
keep the structure and charge compatible we mutated the
leucine (L) residues into alanine (A) with the exception of
residues at L39 and L42, which were mutated to glycine
(G).
Our analysis of Vpr-mediated transactivation of GRE-
luciferase and HIV-1 LTR-luciferase revealed that leucine
residues are important for transactivation mediated by the
Vpr–GR complex. Disruption of leucine at these sites by
substitution with alanine/glycine significantly alters both
HIV-1 LTR and GRE-mediated transactivation in spite of
GR-Vpr mutants interaction. It is likely that the substitution
may interfere at the structure level. Such an effect could
result in disruption of specific residues that may participate
in Vpr’s structure, confirmation, and folding. Leucine
residues in the helical structure have been shown to
participate in protein–protein, protein–nucleic acid, and
protein–lipid interactions (Mahalingam et al., 1995; Tacke
et al., 1993). However, our results on GR and Vpr mutant
interactions show that GR physically interacts with all of the
Vpr mutants, suggesting that a single amino acid change in
these domains does not alter the binding. Additionally, it is
also possible that changes caused by a single leucine residue
could also compensated by other compensatory residues.
Previous studies by Kino et al. (2002a) and Sherman et al.
(2000) suggest that leucine mutations in these motifs abolish
the GR interaction. However, the Vpr mutant they used has
multiple leucine mutations within a single construct, thus
the discrepancy could be due the variation in these
constructs compared to ours. This could be due to the
changes in multiple leucine residues that might affect
structure and function. It is also possible that the adjacent
compensatory residues can rescue the loss of a single
leucine residue on Vpr–GR interaction. Though the Vpr–
GR interaction is not altered, changes in a leucine resides
such as L22 could alter other biophysical properties that
could result in altered subcellular distribution and DNA-
binding activity as observed.
Transcription of HIV-1 is mainly dependent on DNA-
binding proteins, transcription factors and viral transactiva-
tors. It is likely that Vpr transactivates HIV-1 LTR and/or
heterologous promoters through its interaction with GR and
therefore increases the ability of GR to bind to the
D. Thotala et al. / Virology 328 (2004) 89–100 97transcriptions factors. In this regard, it has been shown that
Vpr also has DNA-binding ability that is linked to the C-
terminal basic residues (Hogan et al., 2003; Zhang et al.,
1998). It is not known whether Vpr binds directly to the
GRE sequence. Our results indicate that Vpr-mediated
DNA-binding activity requires GR, suggesting that Vpr-
interacting proteins might mediate similar functions. It is
interesting to note that a mutation in the L22 residue results
in significantly higher transactivation (6- to 10-fold more)
suggesting that L22A may not alter the Vpr–GR interaction
but instead enhance the Vpr–GR–GRE binding affinity. The
later is supported by the subcellular localization studies
where L22A and GR colocalize in the nucleus. Our study
focuses on the effect of Vpr–GR interaction in the absence
of dexamethasone. Though dexamethasone increases Vpr-
mediated GRE transactivation, hormones present in culture
media are sufficient for Vpr–GR interaction. Sherman et al.
(2001) observed similar results, whereas Kino et al. (2002a)
suggested that dexamethasone is necessary for Vpr–GR
binding. However, our results are in agreement with
Sherman et al. (2001) indicating that the presence or
absence of dexamethasone does not alter the ability of GR
to bind with Vpr mutant molecules.
Vpr is a multi-phenotypic protein, with distinct domains
to control-specific functions. Vpr-mediated cell cycle arrest
has been linked to virus replication (Goh et al., 1998;
Gummuluru and Emerman, 1999); however, recent studies
suggest that the transactivation by Vpr is not directly
correlated with cell cycle function (Sherman et al. 2001).
Transactivation of autologous/heterologous promoters and
cell-cycle arrest functions are regulated by distinct domains
of Vpr and are independent of each other (Sawaya et al.,
2000; Sherman et al., 2000). Our studies on L22A and
L39G (single point mutation) mutants positive for cell cycle
arrest function with opposing transactivation activity further
confirms that the transactivation activity of HIV-1 Vpr
through GR is independent of cell cycle arrest function in
the context of leucine residues. Additional studies using
mutants from other regions are needed to further confirm
this observation.
It is interesting to note that L22A has significant trans-
activation effects in the absence of other external stimuli such
as glucocorticoids suggesting that a mutation at L22 might
alter some other properties of Vpr such as altered localization
and/or DNA-binding ability. Confocal microscopic analysis
and further competition assays using GRE-binding by EMSA
further confirms that the increased transactivation of L22 is
due its ability to bind the GRE DNAwith GR. It is interesting
to note that many Vpr-GR induced functions can be mediated
in the absence of dexamethasone, further confirming our
previous studies of Vpr mimicking GC activity (Ayyavoo et
al., 1997). These studies support that Vpr functions can be
suppressed by a new class of antivirals targeting these
pathways. Further studies are needed to identify new targets
that could block virus replication without interfering with the
host cell functions.Materials and methods
Cells
HeLa, CV-1, and 293T cells were grown in DMEM
supplemented with 10% FCS, 1% glutamine and 1%
penicillin-streptomycin. HeLa and HeLa-T4 cells were
obtained from NIH, AIDS reagent program. CV-1 cells
were obtained from Dr. Frank Jenkins at the University of
Pittsburgh and 239T cells were a generous gift from Dr.
Michelle Calos, Stanford University CA. CEM-GFP cells
were obtained through AIDS Research and Reference
Reagent Program, DAIDS, HIH from Dr. Jacaques Corbeil
and maintained as described (Gervaix et al., 1997). Blood
from HIV-1-negative healthy donors was used to isolate
peripheral blood mononuclear cells (PBMCs) by Ficoll-
Hypaque (Pharmacia, USA) gradient centrifugation. Puri-
fied PBMCs were resuspended in RPMI 1640 supplemented
with 10% heat-inactivated FCS, stimulated with phytohe-
moagglutinin (PHA) (5 Ag/ml) for 2 days, and cultured in
IL-2 (5 U/ml) containing medium.
Plasmids
Mutants of HIV-1 vpr were generated using overlap PCR
and/or by Quick-change mutagenesis (Singh et al., 2001)
and were cloned under the control of the CMV promoter in
pCDNA3.1 (Invitrogen, CA) with a flag epitope. All the
Vpr mutant constructs were sequenced to verify the integrity
of the mutations. Proviral constructs pNL43 R+E, pNL43
RE, pIIIB Env and HIV-1 LTR-luciferase reporter
constructs were obtained from NIH ARRRP, contributed
by Dr. Landau and Drs. Jeeninga and Berkhort, respectively.
pGRE (5X)-luciferase reporter plasmid was constructed by
PCR amplifying the 5XGRE consensus sequence from
pGRE5/EBV vector (USB, CA) using specific forward
(5VATACGCGGATCCTCTAGA AGATCCGCT3V) and
reverse (5VATCATACTCGAGGGCCCTCGCAGACA3V)
primers. Amplified PCR product (290 bp) was cloned in
the upstream of a firefly luciferase gene reporter construct.
The human glucocorticoid receptor gene alpha (hGRa) was
PCR amplified using specific forward (5VATCGGGGATCC
GATGGACTCCAAAGAATCA3 V) and reverse (5 V
GTGGTCCTCGAGCTTTTGATGAAACAGAAG3V) pri-
mers and cloned into pcDNA 3.1 (Invitrogen) and pET41b
(+) (Novagen, CA) vectors for further eukaryotic and
prokaryotic expression studies, respectively. The integrity
of the plasmid DNA was tested by DNA sequence analysis
(ABI 7700, CA).
In vitro pull-down assay
HIV-1 GST-Vprwt and GST-hGRa were expressed
following 1 mM IPTG induction in BL21 cells. Protein
was purified using the BugBuster system (Novagen)
according to the manufacturer’s instruction. The integrity
D. Thotala et al. / Virology 328 (2004) 89–10098and purity of the proteins were analyzed by SDS-poly-
acrylamide gel electrophoresis followed by Coomassie blue
staining. For in vitro pull-down assays, GST beads
containing GR or Vpr were used. Vpr mutants were in
vitro translated using T7 in vitro transcription/translation
system (Promega, WI) as per the manufacturer’s instruction.
Equal amounts of in vitro translated products were added to
50 Al of GST-GR beads in 500 Al of GST bind/wash buffer
(Novagen) and rocked at 4 8C for 90 min. GST beads were
then washed with wash buffer three times and resuspended
in protein sample buffer. Proteins bound to GST beads were
resolved on a 12% SDS-PAGE and autoradiographed.
Transfection and luciferase assay
HeLa and CV-1 cells were transfected with HIV-1 LTR
luciferase or GRE5X-luciferase reporter plasmid (1 Ag) in
the presence and absence of Vpr mutants (0.5 Ag), pGR and
pCMVh-Gal using lipofectamine (Invitrogen). Forty-eight
hours posttransfection, cells were lysed in 500 Al of 1
reporter lysis buffer and luciferase activity was measured
following the manufacturer’s protocol (Promega). Trans-
fection efficiency was normalized by transfecting with
CMV h-gal plasmid and analyzing the h-gal activity
(Promega).
In vivo interaction studies
HeLa cells were transfected with Vpr mutant plasmids
using lipofectamine. Forty-eight hours posttransfection, the
cells were washed with PBS and lysed in RIPA buffer (50
mM Tris–HCl, [pH 7.6], 150 mM NaCl, 0.5% Triton X-100,
0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS),
1 mM phenylmethylsulfonyl fluoride (PMSF) and PI
cocktail). Cell lysate was centrifuged to remove the cell
debris. Protein estimation of the cell lysate was carried out
using Bradford reagent (Bio-Rad, Richmond, CA). Equiv-
alent amount (150 Ag) of cellular protein was subjected to
immunoprecipitation using anti-GR antibodies. Immunopre-
cipitated complex was analyzed on SDS-PAGE and
immunoblotted for Vpr using M2 anti-FLAG antibody
(1:200) from Sigma, MO.
Immunofluorescence and confocal microscopy
HeLa cells were seeded in four-well chamber slides and
transfected with Vpr or GR expression plasmid DNA using
Lipofectamine. Forty-eight hours posttransfection, cells
were washed with PBS and fixed in methanol at room
temperature for 10 min. After washing three times with
PBS, cells were incubated with anti-GR antibody (Affinity
BioReagents, CO) at 37 8C in a humidified incubator for 90
min. Primary antibody was washed three times with PBS
and then incubated with anti-Flag M2 monoclonal antibody-
FITC (Sigma) to detect Vpr, and anti rabbit-TRITC to detect
GR. Following several washes with PBS, cells weremounted with Vectashield containing DAPI (Vector Labo-
ratories, CA). Immunofluorescence was detected using
Nikon inverted fluorescence microscope with appropriate
filters. Confocal microscopy was performed using a Leica
TCS NT confocal tri-laser scanning inverted microscope
(Wetzlar, Germany).
Electrophoretic mobility shift assay
Oligonucleotide containing the GRE consensus sequence
(5VGACCCTAGAGGATCTGTACAGGATGTTCTAGAT
3V) was either used as a probe or competitor. One picomolar
of GRE oligonucleotide was end-labeled with 2 Al of p32
ATP using T4-polynucleotide kinase (Promega) in a 50-Al
reaction. The labeled oligonucleotide was purified to
remove unincorporated labels using a Qiaquick nucleotide
removal kit (Qiagen, Valencia, CA). HeLa cells were
transfected with Vpr wild type or Vpr mutants as described
above. Forty-eight hours posttransfection, cells were washed
with PBS and nuclear extracts were prepared using the NE-
PER nuclear and cytoplasmic extraction kit following the
manufacturer’s instructions (Pierce, IL). DNA binding
reactions were carried out with approximately 1 pM of
p32 labeled GR consensus double-strand oligonucleotide
(50,000 cpm) and 5.0 Ag nuclear extract (Tseng et al., 2001).
Briefly, nuclear extract was pre-incubated in a binding
buffer [50 mM Tris–HCl (pH 7.6), 0.5 mM EDTA (pH 8.0),
0.5 mM DTT, 50% Glycerol, 2 Ag of poly: dIdC] in a final
volume of 30 Al at room temperature for 10 min. The
labeled oligo was then added and incubated at room
temperature for 30 min. For competition experiments, a
cold probe was added to the nuclear extract 20 min before
the addition of labeled probe. The samples were analyzed on
a 5% non-denaturing polyacrylamide gel (5% polyacryla-
mide gel, 50 mM Tris–Glycine) and autoradiographed.
Single round infection assay
To assess the effect of Vpr as a virion-associated
molecule, we have used pseudotype viruses containing
Vprwt or Vpr mutant molecules. A single round infection
assay was used to study the effect of different Vpr mutants
on HIV-1 replication by transfecting 293T cells with
proviral DNA pNL43 RE with pEnv and Vpr expression
plasmid produced pseudotype viruses. Seventy-two hours
posttransfection culture supernatant was collected and
assayed for virus production by quantitating the p24 by
ELISA. PBMCs (5  106) were infected with 10 ng of p24
antigen-equivalent viruses for 4 h, washed thoroughly with
RPMI medium, and resuspended in appropriate growth
medium. Supernatant was collected at 24-h intervals to
measure virus replication by analyzing p24 by ELISA
(AIDS Reagent program, NIH). Additionally, to measure
the effect of virion-associated Vpr molecules during early
infection, CEM-GFP cells were infected with the leucine
mutant complemented pNL43 R-E-/VSV-G-Env viruses at
D. Thotala et al. / Virology 328 (2004) 89–100 990.01 multiplicity of infection (MOI) for 6 h at 37 8C as
described (Gervaix et al., 1997). The cells then were washed
three times with PBS, resuspended in culture medium, and
incubated at 378C in 5% CO2. Aliquots of cells were taken
at days 2 and 4 and fixed in 2% paraformaldehyde. The
cells were analyzed by flow cytometry followed by cell
quest software to measure the MFI and percent positive
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